We report the first far-infrared linear and non-linear (saturation) magneto absorption experiments of coupled subband-Landau level excitations in a series of modulation-doped double-coupled multiple quantum-well (MQW) structures. Non-linear spectroscopy is carried out with a free electron laser. A plot of energy versus magnetic field for 4 laser lines at low intensity and high intensity is compared with linear (Fourier transform) spectroscopy at low and high temperatures. An exact numerical solution of the Schrödinger equation for this coupled system is also obtained and compared with experiments. Results show that the feature observed at high laser intensity and high temperature is due to transitions from the 1st-excited state of the coupled system to the higher excited states. Based on this, a simple 2-level model is developed, and with a layer-by-layer analysis for MQW systems, the electron lifetime of the first-excited state is obtained.
Saturation spectroscopy is a useful tool in determining the population decay time of carriers resonantly pumped to excited states. Since the energy relaxation process is intimately related to the interaction of carriers with the lattice (phonons), with impurities and among the carriers themselves, measurements of relaxation times provide a wealth of information about energy loss mechanisms of hot carriers. In this paper, we present results of far-infrared and non-linear (magneto absorption saturation) experiments on Al 0.3 Ga 0.7 As/GaAs single heterostructure (SH), multiple quantum wells (MQW), and coupled double quantum wells (CDQW). Saturation of Landau level (LL) absorption was achieved with our free electron laser (FEL). This laser is capable of delivering quasi-CW pulses (several microseconds) and kilowatts of power. Saturation spectra from a SH at several laser intensities are shown in Fig. 1 . The thin solid lines are calculated absorption profiles obtained from a 3-level rate equation for the absorption and stimulated and spontaneous emission processes in the LLs under steady-state conditions (i.e. laser pulse length decay time) with input carrier density of N = 4.4 × 10 11 cm −2 , a linewidth (FWHM) of γ = 1.2 cm −1 , and a decay time of τ = 4 ps. The deviation on the high-field side of the absorption is due to non-parabolicity and polaron effects which are not taken into account in the calculation. Theoretical fits to data for a MQW sample with layer-by-layer analysis of the intensity dependent absorption coefficient yields an effective decay time of τ = 2.4 ± 1.0 ps. The rapid depopulation of LLs is attributed to the equidistant nature of the Landau states. In such systems, the Auger processes are effective, and electrons are pumped ultimately to LLs above the LO phonon energy via electron-electron scattering. The nearly uniform spacing between LLs can be removed among LLs that are coupled to other quantized states, such as the confinement subband states, and a simple 2-level rate equation analysis becomes more appropriate.
To test this idea we have performed saturation measurements of subband-LL coupled systems for three CDQW samples having different carrier densities (from 3 × 10 10 cm −2 to 1.2 × 10 11 cm −2 ). The laser frequency was tuned to probe the lower and upper branches of the avoided level crossing. Since LLs are (a) Transmission spectra for sample 1 at 25 • tilted angle with respect to the growth direction. At 4.2 K only I and II are seen, and at 44 K, a new absorption feature, III, is observed. (b) Plot of the experimental data and the calculated transition energies (see text) versus magnetic field. Transition IV is allowed but not seen in the experiments due to a lower transition strength. P: Experimental data; · · · · · ·: calculated curve.
highly non-uniformly spaced in the coupling region, saturation of absorption between the low-lying states is accompanied by absorption of high-lying excited states which appears for various magnetic field strengths. The transition between excited states is also observed by linear spectroscopy when the first-excited state is thermally populated. The striking fact is that considerably lower intensities of laser are needed to observe some of the Landau levels transitions.
Dynamical relaxation processes of hot carriers in bulk and confined semiconductors are of interest from both scientific and technological points of view. These processes contain a wealth of information about the interaction between carrier and lattice, carrier and impurities or traps, and among carriers themselves. Such information is valuable in the development of semiconductor devices. A useful tool to probe the relaxation process is saturation spectroscopy. In principle, by measuring the intensity dependence of the resonant absorption, the relaxation rate (and thus the lifetime) of carriers in the excited states can be extracted. have been reported with relatively low intensity excitation (≤ 1 W cm −2 ). Recently, optical saturation of intersubband absorption in AlGaAs/GaAs quantum wells was achieved with much stronger excitation (∼ 1 MW cm −2 ) at 10-12 µm .
[6]
.
. Compared with the visible through near-IR regions of the spectrum, saturation spectroscopy in the FIR region is relatively unexplored due to the scarcity of powerful light sources. The free electron laser (FEL) with peak power of 40 kW cm −2 and tunability between 120 µm and 800 µm is currently the most suitable for non-linear absorption studies in the FIR spectral region.
Three MBE-grown GaAs/Al 0.3 Ga 0.7 As MQW samples were investigated. The GaAs quantum wells are nominally 240Å wide with a two monolayer AlAs barrier grown at the center of each well. Free electrons in the wells are introduced from Si donors located at the centers of 600Å Al 0.3 Ga 0.7 As barriers. Sample 1 (20 periods) was doped at 3.0 × 10 10 cm −2 , sample 2 (15 periods) was doped at 6.0 × 10 10 cm −2 , and sample 3 (10 periods) was doped at 1.2 × 10 11 cm −2 . The lowest intersubband separations for this structure are E 2 − E 1 = 60 cm −1 and E 3 − E 2 = 495 cm −1 , according to a simple square-well calculation .
[8]
. For brevity, only detailed results for the lowest density sample are presented. Linear spectroscopy on these samples was carried out in the tilted field geometry with Fourier Transform Interferometric Spectrometers (FTIS) at fixed magnetic fields up to 9 T, and with a CO 2 -pumped FIR laser by sweeping the field through the resonance at fixed laser frequencies. Data were taken at various temperatures in order to populate the 1st-excited state thermally, and to measure transitions from this state to higher excited states. The saturation spectroscopy was carried out with our FEL in conjunction with a 7 T superconducting magnet system. Measurements were made with FEL power from several milliwatts to several kilowatts, a pulse duration of 2.75 microseconds, and a repetition rate of 1 Hz. Attenuators were placed in front of both the sample and the detector to ensure a constant low laser intensity on the detector to avoid detector saturation. The laser beam was divided into two by a beamsplitter. One beam was focused onto a pyroelectric detector as the reference signal, and the other was focused onto the sample, which was immersed in liquid helium. The transmitted signal was detected by a sensitive Ge bolometer, the output of which was amplified and stored in a digital oscilloscope. This signal was normalized with the reference signal, and was averaged over several laser pulses within a small range of magnetic field strengths to achieve reasonable signal-to-noise ratio. The laser power at the sample surface was measured with a power meter, and was corrected by the measured values of the transmission of the window/liquid helium system. Since the laser beam is linearly polarized, only half of the laser intensity is useful for cyclotron resonance excitation.
Typical magneto-transmission spectra from sample 1 at 44 K are shown in Fig. 1(a) . The sample was tilted at θ = 25 ± 3
• with respect to the magnetic field direction. At 3 T, in addition to the strong lower branch CR absorption peak (labelled I) whose position is determined by B cos θ, a very weak feature (labelled II) is observed at the high frequencies. With increasing magnetic field strength, the transition strength passes over from the lower branch to the upper branch. At higher temperatures (above 20 K), an additional absorption line (labelled III in Fig. 1(a) ) appears and grows in strength as temperature increases (at 4.2 K only lines I and II were observed). This feature has a similar magnetic field dependence to line II. At 130 K, line I is completely suppressed, and only lines II and III are seen, with line III much stronger than line II. Since the intersubband separation for this sample is 58 cm −1 ≈ 83.6 K, the temperature dependence data indicate that at high temperature a substantial number of electrons are thermally excited to the 1st-excited state of the coupled system. As a result, the transition from the ground LL to the coupled subband-LL states is suppressed, while the transition from the 1st-excited state to a higher excited state is enhanced.
To understand the observed phenomena better, a numerical solution of the eigenstates of the single-partial Schrödinger equation was obtained by the shooting method .
[11]
. Non-parabolicity and polaron effects were neglected, as was the difference of effective electron masses in GaAs and AlGaAs .
[9]
. . Subband energies in a quantum well coupled to a Landau oscillator have been considered in a number of papers (see, e.g. Ref.
. [10] . and publications cited therein). Our consideration is generally similar to that of Ref.
. [10] . , with two differences. First, we use the basis states obtained by numerical solution of the Schrödinger equation in the well with a realistic well potential .
and not the oscillator potential as in Ref.
. [10] .
. Second, we treated differently the perturbation terms due to the tilted magnetic field (see below where the basis states are discussed).
We chose the magnetic field B and gauge of the corresponding vector potential A as
where is the angle between the magnetic field and the normal to the quantum-well plane (x y). Correspondingly, the one-electron Hamiltonian has the form of a sum,
where
Here, H w is the zero-field Hamiltonian of the well, H w is the magnetic-field contribution to the well potential, H o is Landau-oscillator Hamiltonian, and H wo is a perturbation Hamiltonian mixing states of well and Landau oscillator. In eqn (2), p z and z are the momentum and coordinate perpendicular to the quantum-well plane, p y and y are the in-plane momentum and coordinate, V (z) is quantum-well potential, m * is electron effective mass, ω c is cyclotron frequency, and y 0 is an electron-orbit center.
As the zero-order basis, we chose states |m, n = |m ⊗ |n , where |m is a state in the well described by Hamiltonian H w and |n is a state of the Landau oscillator with Hamiltonian H 0 . We solved the singleparticle Schrödinger equation for an electron in the well in the coordinate representation numerically by the shooting algorithm. The well potential V (z) and the dependence of m * on the fraction ξ of Al in Al ξ Ga 1−ξ As was adopted from Ref.
. [11] . . Using iterations to achieve self-consistency, account was taken of the mean ). However, for electron densities typical for the present paper, N ∼ 5 × 10 10 cm, corrections to level energies are not very important (less than 1 mV). We simulated many-body effects by exactly adjusting the transition frequency ω 21 between the two lowest subbands in the quantum well to the experimental value, with the corresponding correction being less than 1 meV.
Distinct from Ref.
[10]
, we chose not to include H w in H w , but instead treated the sum H = H w + H wo as a perturbation Hamiltonian. This allowed us to solve numerically the Schrödinger equation for the well only once to find the basis, substantially simplifying the calculations. We found matrix elements m n |H |mn and then numerically diagonalized the matrix H (2) on a truncated set of states. Numerically, we checked that the addition of more states to the basis does not change significantly the energies and matrix elements of the dipole operator. For any practical purposes, it turns out to be sufficient to retain in the basis five states in the well (m = 0-4), with the number of the Landau sublevels at each of them ranging from nine (for m = 0) to five (for m = 4), resulting in the total number of the states in the basis equal to 35. The transformation matrix to the stationary states |i (i = 1, . . . , 35) of the system, mn|i , were computed numerically.
The dipole-operator matrix elements between the basis states are
The matrix elements between the well states, m|z|m (m, m = 0, 1, . . . , 4), were computed numerically. Then the transition dipoles between the stationary states were computed using the transformation matrix mn|i . Finally, the transition-oscillator strengths were computed as where e is the light-polarization vector, E i is a stationary-state energy, k B is the Boltzmann constant, and T is temperature.
The calculated energy levels for the sample structure are given in Fig. 2 . Level repulsion takes place between states with adjacent subband quantum numbers and LL quantum numbers. Only transitions from level 1 to 2 (I) and from level 1 to level 3 (II) occur at low temperature. As level 2 becomes thermally populated, transitions from level 2 to level 4 (III) set in. For k B T greater than the intersubband spacing, level 2 is substantially populated, and transition III becomes a dominant process. Transition IV is also allowed but not observable in the experiments due to a lower transition strength. In Fig. 1(b) , the calculated and measured transition energies of I, II and III are compared. Quantitative agreement is achieved with this rather simple model. Absorption saturation spectra were recorded at four laser frequencies: two (42 cm −1 and 51 cm −1 ) are below the intersubband separation, and the other two (61 cm −1 and 71 cm −1 ) are above the intersubband separation. The sample was tilted at 18
• with respect to the growth direction. Transmittance for sample 1 at various laser intensities is shown in Fig. 3 . For frequency ν = 51 cm −1 , a broad absorption profile (FWHM ∼ 1 T) peaked at 4.9 T is seen at low laser intensities. The broad linewidth is due to the bending (i.e. a smaller field-dependence) of the lower branch (see Fig. 1 ) in the strong coupling region. At 18 W cm −2 , the absorption becomes much sharper, and is resonant at 4.55 T. For ν = 61 cm −1 , the asymmetric absorption feature (due to the bending of the upper branch) at low laser intensities is replaced by a sharper, symmetric feature at 32 W cm −1 . The resonant position is shifted from 4.5 to 5.3 T. The transition energies are plotted as a function of the magnetic field strength in Fig. 4 for weak (♦) and strong (•) resonant pumping. Data were taken by Fourier transform infrared spectroscopy (FTIS) at low and high temperatures. The calculated transition energies are also shown in Fig. 4 . A comparison of these plots suggests that strong resonant pumping between levels 1 and 2, and levels 1 and 3, saturates the absorption of these transitions. The saturation intensity, at which the absorption strength is reduced to half its value at low laser intensity, occurs at ∼ 2.6 W cm −2 for the upper branch; for the lower branch, the coarse spacing in laser intensity, from 0.075 W cm −2 (still in the linear region) to 18 W cm −2 (already strongly saturated), is too large to explore the saturation in detail. There is only a lineshift, indicating that transition I is replaced by transition III.
Since the LL spacing is highly non-uniform in the level repulsion region (Fig. 2) , a two-level model is sufficient. The population difference between the ground state and the excited state was obtained under steadystate conditions by solving the rate equation of the stimulated absorption and stimulated and simultaneous emission processes in the LLs. The laser-intensity-dependent transmission coefficient of an m-layer system can be obtained in a straightforward way . [7] .
. With these analyses, the lifetime τ (the only adjustable parameter to be determined from a fit of absorption intensity versus laser intensity to the measurements) has been found to be 1.2 ± 0.8 ns. Based on the analyses for samples 2 and 3, there is no indication, within the uncertainty of the experimental data, of any carrier density dependence on τ as reported in the bulk .
[2]
. and in singleheterostructures . [4] . in which LLs are not coupled to any confinement subband. For the transitions in the coupled system, the initial state, |i , is predominantly a pure Landau state; the final states, | f , are linear combinations of the 1st-excited LL of the ground subband, |N = 1, i = 0 , and the ground LL of the 1st-excited subband, |N = 0, i = 1 , i.e.
is comprised of the intersubband transition rate and the inter-LL transition rate. Thus the lifetime extracted from the data is a mixture of the lifetimes of the two interacting states. However, since a and b are comparable in the strong coupling region, the present measurement is dominated by the shorter decay time of the two. This lifetime is much longer than that extracted from saturation spectroscopy on MQW structures without interaction with the subband .
[7]
. This is possibly due to the fact that the Auger processes, in which electrons are pumped subsequently to LLs above the LO phonon via electron-electron scattering, are not likely to be important in the tilted field CDQW experiments. A more detailed analysis is necessary to address this point conclusively.
In conclusion, we have performed both linear and non-linear saturation absorption experiments of a subband-LL coupled system in coupled double quantum-well structures. The measured transition energies are in good agreement with a numerical solution of the Schrödinger equation for the particular structure. With the known eigenstates of the system, a 2-level model was used to extract the electron lifetime from the coupled subband-LL excited states to the ground LL. By fitting the saturation spectra, a lifetime of ∼ 1.2 ns was obtained. A full density matrix description of the dynamical relaxation process for this coupled system will be developed in the near future. 
